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HIGHLIGHTS 


•  Dual  layer  coated  Crofer  22  APU  was  tested  at  800  °C-850  °C-900  °C  in  dry  oxygen  for  1000  h. 

•  Long  term  corrosion  test  (5000  h)  was  performed  at  850  °C. 

•  Coating  is  very  efficient  in  reducing  corrosion  rates. 

•  Temperature  dependence  of  the  corrosion  rate  indicated  that  Cr  outward  diffusion  is  a  limiting  reaction. 

•  Developed  coating  assures  long  lifetime  of  Crofer  22  APU  steel  for  application  as  interconnect. 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  12  March  2013 
Received  in  revised  form 
20  August  2013 
Accepted  23  September  2013 
Available  online  2  October  2013 


Keywords: 

High  temperature  corrosion 
Protective  coating 
Solid  oxide  electrolysis 
Interconnect 


The  effect  of  a  dual  layer  coating  composed  of  a  layer  of  a  Co304  and  a  layer  of  a  Lao.85Sro.i5Mn03/Co304 
mixture  on  the  high  temperature  corrosion  of  the  Crofer  22  APU  alloy  is  reported.  Oxidation  experiments 
were  performed  in  dry  oxygen  at  three  temperatures:  800  °C,  850  °C  and  900  °C  for  periods  up  to  1000  h. 
Additionally  at  850  °C  a  5000  h  long  oxidation  test  was  performed  to  evaluate  longer  term  suitability  of 
the  proposed  coating.  Corrosion  kinetics  were  evaluated  by  measuring  mass  gain  during  oxidation.  The 
corrosion  kinetics  for  the  coated  samples  are  analyzed  in  terms  of  a  parabolic  rate  law.  Microstructural 
features  were  investigated  by  scanning  electron  microscopy,  energy  dispersive  X-ray  analysis  and  X-ray 
diffractometry.  The  coating  is  effective  in  reducing  the  corrosion  rate  and  in  ensuring  long  lifetime  of 
coated  alloys.  The  calculated  activation  energy  for  the  corrosion  process  is  around  1.8  eV.  A  complex  Co 
— Mn— Cr  spinel  is  formed  caused  by  diffusion  of  Cr  and  Mn  from  the  alloy  into  the  Co304  coating  and  by 
additional  diffusion  of  Mn  from  the  LSM  layer.  Adding  a  layer  of  LSM/C03CU,  acting  as  an  additional  Mn 
source,  on  top  of  the  cobalt  spinel  is  beneficial  for  the  improved  corrosion  resistance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  electrolysis  cells  (SOECs)  are  very  efficient  devices 
for  production  of  hydrogen  and  oxygen  from  steam  [1].  During 
recent  years  this  technology  has  gained  a  considerable  attention  as 
a  promising  way  to  store  energy  from  time-varying  resources  (solar 
or  wind  power).  Applying  knowledge  from  many  years  of  research 
in  the  field  of  the  Solid  Oxide  Fuel  Cells,  leads  to  accelerated 
development  of  SOECs  [2].  Beside  development  of  the  fuel  elec¬ 
trode,  the  electrolyte  and  the  oxygen  electrode,  interconnects  must 
be  studied  and  also  developed  to  suitably  fit  into  an  SOE  stack.  As 
the  working  temperature  of  SOFCs  has  been  lowered  from  about 
1000  °C  to  800  °C  and  below,  the  use  of  stainless  steels  for  in¬ 
terconnects  has  become  possible  [3-5].  Many  efforts  have  been 
directed  to  the  improvement  of  SOFC  interconnects,  by 


*  Corresponding  author.  Tel.:  +45  46775296. 

E-mail  address:  sebmo@dtu.dk  (S.  Molin). 

0378-7753 /$  -  see  front  matter  ©  2013  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.09.100 


development  of  either  new  alloys  or  coating  materials  [6-10].  So 
far  studies  of  interconnects  and  its  coatings  for  a  specific  use  in 
electrolysis  cells  have  not  been  carried  out  extensively  [11—13].  The 
operating  conditions  of  the  electrolyzer  determine  the  relevant 
corrosion  atmospheres  to  be  studied.  On  the  fuel  side  it  is  usually  a 
mixture  of  hydrogen  and  steam  in  the  case  of  steam  electrolysis 
(or  a  mixture  of  carbon  dioxide,  steam,  carbon  monoxide,  and 
hydrogen  in  the  case  of  co-electrolysis  of  steam  and  CO2)  and  on  the 
oxygen  side  it  is  pure  oxygen  that  was  reduced  from  steam  on  the 
hydrogen  side  and  then  transferred  through  the  oxide  ion  con¬ 
ducting  solid  electrolyte  and  oxidized  to  oxygen  molecules  on  the 
oxygen  electrode.  Whereas  corrosion  properties  of  interconnects 
and  coatings  are  well  recognized  for  SOFC  working  conditions,  less 
is  known  about  their  behavior  in  SOEC  specific  conditions.  Different 
atmospheres,  especially  with  different  PH2O  or  p02  (i.e.  hydrogen 
with  different  high  steam  content,  or  dry  oxygen  versus  air),  can 
lead  to  a  different  corrosion  behavior. 

Recently  the  need  for  an  improved  properties  of  interconnect  in 
an  SOE  stack  was  highlighted  by  Zhang  et  al.  [14].  One  of  the 
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claimed  reasons  for  long  time  stable  performance  of  the  studied 
SOE  stack  was  the  use  of  coating  on  the  interconnect.  The  authors 
only  say  that  the  coating  was  based  on  rare-earths.  As  the  starting 
point  of  development  of  coatings  for  SOEC  stacks  is  based  on  SOFC 
stacks,  usually  similar  materials  and  methods  are  used. 

Recently  an  efficient  dual  layer  coating  was  developed  in  our 
group  [13,15,16].  The  coating  is  composed  of  the  first  layer  made 
from  C03O4  and  a  second  layer  being  a  mixture  9:1  (weight  ratio)  of 
Lao.ssSro.isMnOs  (LSM)  and  C03O4.  C03O4  was  previously  evaluated 
as  a  potential  protective  coating  for  interconnects  [17-20].  Cobalt 
spinel  is  a  very  promising  material  to  block  chromium  outward 
diffusion  from  the  interconnect  [21,22]  that  can  lead  to  poisoning  of 
the  oxygen  electrode  [23].  LSM  has  also  been  considered  as  an 
interconnect  protective  material  [24,25].  Both  these  materials  have 
a  good  match  with  respect  to  thermal  expansion  coefficient  and 
compatibility  with  cell  materials.  LSM  is  often  used  as  an  oxygen 
electrode,  contacting  paste  or  current  collector  layer  on  the  oxygen 
side  of  the  cells.  The  electrical  conductivity  of  these  two  materials  is 
high,  being  7  S  cm-1  for  cobalt  spinel  [26]  and  >100  S  cm-1  for  LSM. 

In  the  initial  studies,  the  dual  layer  coating  was  tested  on  four 
different  alloys  (Crofer  22  APU,  Crofer  22  H,  E-Brite  and  AL29-4C)  in 
air  with  1%  steam  and  oxygen  at  850  °C  for  1000  h.  In  comparison  to 
the  uncoated  steels,  dual  layer  coatings  were  effective  towards 
reduction  of  the  parabolic  rate  constants  both  in  air  with  1%  steam 
and  in  oxygen  [13].  It  was  stated  that  although  the  corrosion  rates 
are  reduced,  no  change  in  the  reaction  mechanism  occurs. 

In  the  present  study,  the  dual  layer  coating  on  the  Crofer  22  APU 
alloy  is  tested  in  dry  oxygen  to  simulate  the  conditions  on  the  ox¬ 
ygen  side  electrode  of  an  SOE  stack.  In  order  to  obtain  new  insight 
into  the  possible  reaction  mechanism  and  to  elucidate  how  the 
lifetime  is  affected  by  temperature  of  operation,  experiments  were 
run  at  three  different  temperatures:  800  °C,  850  °C  and  900  °C  for 
periods  up  to  1000  h.  Additionally,  at  850  °C  a  5000  h  long  oxida¬ 
tion  test  was  performed  to  evaluate  long  term  performance  of  the 
coating. 

2.  Experimental 

The  coatings  were  studied  when  applied  on  a  200  pm  thick 
Crofer  22  APU  (ThyssesnKrupp  VDM,  Germany)  alloy.  A  steel  sheet 
was  cut  into  20  x  20  mm2  pieces  and  a  small,  2  mm  in  diameter 
hole  was  punched  in  the  coupons  in  order  to  be  able  to  hang 
samples  in  an  alumina  holder.  Before  coating  the  steel  coupons  they 
were  ground  with  a  SiC  paper  up  to  #1200  grade.  After  polishing 
the  samples  were  thoroughly  cleaned  in  an  ultrasonic  bath  in 
ethanol.  The  samples  were  then  coated  on  both  sides  by  a  hand¬ 
held  spray  gun.  Slurries  were  prepared  by  dispersing  powders  in 
ethanol  with  a  small  amount  of  binder  to  improve  the  adherence  of 
the  green  coating.  The  first  slurry  was  composed  of  only  C03O4  fine 


powder,  whereas  the  second  slurry  was  composed  of  a  9:1  (weight 
ratio)  mixture  of  relatively  coarse  LSM  and  fine  C03O4  powders. 
After  the  deposition  samples  were  heat  treated  at  850  °C  for  3  h  in 
air. 

For  the  oxidation  experiments  coated  samples  were  mounted 
inside  an  alumina  sample  holder  and  were  annealed  in  a  tube 
furnace  at  800  °C,  850  °C  or  900  °C.  Heating  and  cooling  rates  were 
120  °C  h-1.  Samples  were  removed  cyclically  from  the  furnace  after 
125,  250,  500  and  1000  h  and  were  weighed  on  a  balance  (0.01  mg 
resolution,  Mettler  Toledo).  The  5000  h  test  samples  were  also 
weighed  after  1300, 1980, 3480  and  4980  h.  The  average  mass  gain 
was  calculated  from  at  least  4  identical  samples  to  ensure  repro¬ 
ducibility.  The  oxidation  atmosphere  was  pure  oxygen  (H2O  con¬ 
tent  - 10  ppm)  flowing  at  6  L  h-1  which  corresponds  to  a  linear  gas 
velocity  of  4.5  cm  min-1  in  the  alumina  tube. 

After  oxidation  experiments  sample  surfaces  and  cross  sections 
were  analyzed  by  scanning  electron  microscopy/energy  dispersive 
X-ray  analysis  (SEM/EDS)  using  either  a  Zeiss  Supra  35  with  Noran 
energy  dispersive  X-ray  spectrometer  or  a  Hitachi  TM3000  with 
Bruker  Quantax  70  EDS  system.  In  order  to  visualize  cross  sections, 
samples  were  cut  in  half  by  a  diamond  saw  and  embedded  in  epoxy 
and  polished  using  6,  3,  and  1  pm  diamond  paste.  X-ray  diffraction 
patterns  on  sample  surfaces  were  collected  using  a  Bruker  D8 
Advance  spectrometer  with  CuKa  radiation  at  room  temperature. 

3.  Results  and  discussion 

3.1.  Coating  of  samples 

A  cross  section  and  a  surface  view  of  the  as-prepared  coating 
after  3  h  heat  treatment  at  850  °C  are  shown  in  Fig.  1.  The  first  layer 
made  from  fine  C03O4  powder  is  approximately  5-10  pm  thick  and 
the  second  composite  layer  C03O4/LSM  is  20-30  pm  thick.  The  total 
thickness  is  therefore  approximately  30  pm.  The  entire  surface  of 
the  alloy  is  coated  with  this  dual  layer  coating.  Differences  in 
thickness  are  due  to  the  nature  of  the  slurry  spraying  process  where 
the  thickness  and  uniformity  of  the  layer  cannot  be  controlled  with 
a  high  accuracy.  Thicknesses  obtained  in  this  study  are  on  the  lower 
limit  of  possible  thicknesses  to  be  produced  by  the  slurry  spraying 
method  with  uniform  microstructure  and  even  thickness  over  the 
entire  sprayed  area.  Trying  to  fabricate  thinner  coatings  could  result 
in  some  areas  not  covered  and  exposed  directly  to  the  oxidizing 
atmosphere.  Coatings  prepared  by  slurry  spraying  are  characterized 
by  low  green  density,  which  is  especially  apparent  for  the  LSM  layer 
prepared  from  the  coarse  powder.  On  the  other  hand  this  tech¬ 
nology  is  simple  and  the  up-scaling  to  very  large  interconnects  is  a 
straightforward  commercially  viable  process.  As  shown  in  Fig.  1,  on 
the  interface  between  cobalt  spinel  and  steel  already  a  dense  re¬ 
action  layer  is  visible  which  formed  during  the  initial  heat 


Fig.  1.  SEM  micrographs  of  cross  section  and  surface  of  the  dual  layer  coated  Crofer  22  APU. 
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Fig.  2.  Mass  gain  in  linear  and  parabolic  units  of  dual  layer  coated  Crofer  22  APU  alloys  at  900  ° C/850  ° C/800  °C. 


treatment.  On  the  surface  of  the  coating  some  large  crystallites  are 
visible,  which  are  the  coarse  LSM  particles.  As  the  heat  treatment 
temperature  of  850  °C  was  too  low  to  sinter  the  LSM  and  the  C03O4 
coating,  both  layers  are  still  porous. 

3.2.  Evaluation  of  corrosion  kinetics 

Mass  gains  over  time  of  the  dual  layer  coated  Crofer  22  APU 
alloys  measured  at  the  three  temperatures  are  shown  in  Fig.  2.  Mass 
gains  after  oxidation  for  1000  h  at  900  °C,  850  °C  and  800  °C  are 
0.74  mg  cm-2,  0.41  mg  cm"2  and  0.33  mg  cm-2  respectively.  As 
expected  for  a  thermally  activated  process,  the  higher  the  tem¬ 
perature  the  higher  the  mass  gain  corresponding  to  the  formation 
of  more  corrosion  products. 

To  determine  kinetic  parameters  of  the  oxidation  process  usu¬ 
ally  the  mass  of  the  samples  is  assumed  to  increase  with  a  parabolic 
type  relationship  [27]: 

0r)2  =  kPt+c  n) 

where  Am  is  a  mass  gain  [g],  A  —  sample  area  [cm2],  /<p  —  corrosion 
rate  [g2  cm-4  s_1],  t  -  oxidation  time  [s],  C  -  integration  constant 
[g2  cm"4]. 

A  parabolic  type  expression  will  describe  the  corrosion  process  if 
the  rate  is  limited  by  a  diffusion  process  either  by  cation  or  anion 
diffusion.  It  is  generally  accepted  that  for  high  temperature  corro¬ 
sion  processes  occurring  in  SOFC/SOEC  relevant  conditions  a 
limiting  factor  is  chromium  outward  diffusion  from  the  alloy.  The 
integration  constant  C  can  be  assigned  to  initial  transient  phe¬ 
nomena  during  oxide  growth. 

Mass  gains  of  the  samples  are  plotted  in  parabolic  units  in  Fig.  2. 
To  analyze  the  data  two  approaches  were  considered.  In  the  first 
one,  Equation  (1)  with  the  integration  constant  C  was  used  for 
fitting  (between  150  and  1000  h)  and  in  the  second  case,  the  ob¬ 
tained  curve  was  fitted  by  two  parabolic  type  expressions,  one  used 
between  0  and  250  h  and  second  between  250  and  1000  h.  By  this 
treatment  we  are  assuming  that  different  processes  take  place 
during  the  initial  phase  and  at  the  later  stage  due  to  the  complex 


nature  of  the  dual  layer  coating  and  its  interaction  with  Cr  and  Mn 
from  the  alloy. 

Calculated  corrosion  rates  and  constants  C  from  the  two  ap¬ 
proaches  are  given  in  Table  1.  Comparing  obtained  /<p  values,  the 
highest  corrosion  rates  are  found  during  the  initial  oxidation  period 
(0-250  h).  The  values  (kpi)  are  approximately  two  times  higher 
than  the  corrosion  rates  determined  for  the  later  stage  (fcp2,  250- 
1000  h).  On  the  other  hand,  corrosion  rates  obtained  from  a  single 
line  fitting  between  150  and  1000  h  (/<p)  are  only  slightly  higher 
than  the  kp 2  value  from  dual  line  fitting.  Initial  higher  oxidation 
rates  can  be  attributed  to  several  possible  phenomena.  For  an  un¬ 
coated  Crofer  22  APU  steel,  during  the  initial  period  of  the  oxidation 
Cr  and  Mn  diffuse  out  of  the  alloy  to  form  a  layered  oxide  scale  on 
the  surface.  The  first  layer  is  always  composed  of  Cr203  and  second, 
outer  layer  of  a  (Mn,Cr)304  spinel.  In  case  of  a  dual  layer  coating,  Co 
can  form  a  solid  solution  with  Mn  and  Cr  as  well.  The  inner  part  of 
the  coating  is  a  reaction  zone  where  cations  from  the  steel  can 
diffuse  to  and  form  a  thermodynamically  stable  oxide  in  combi¬ 
nation  with  the  coating  layer.  A  broad  composition  range  exists  for 
the  spinel  phase  in  the  Mn— Co-Cr-0  system  [15]  and  therefore  it 
is  not  possible  at  this  stage  to  give  a  specific  composition  of  the 
spinel.  In  order  for  Cr  to  diffuse  to  the  outer  coating,  cations  have  to 
diffuse  through  three  layers  (Cr203,  (MnCr)  spinel,  and  Co  spinel). 
In  the  case  of  a  single  line  fitting,  the  integration  constant  C  has  no 
easily  attributable  physical  meaning.  It  is  evident  that  the  value  of  C 
is  decreasing  with  the  decrease  of  temperature.  It  is  expected  that 
this  is  simply  a  different  manifestation  of  the  processes  described 
by  a  dual  line  fitting. 

At  this  stage  it  is  difficult  to  conclude  which  of  the  two  analysis 
approaches  is  better.  None  of  them  precisely  describes  the  oxida¬ 
tion  rate.  For  lifetime  prediction,  the  kp2  corrosion  rate  obtained 
from  the  dual-line  fitting  should  be  more  relevant  to  use,  as  the 
initial  corrosion  process  is  rather  short  as  compared  to  the  expected 
IC  service  time  (>40,000  h).  Using  /<p  values  from  single-line  fitting 
would  underestimate  the  predicted  lifetime. 

In  general,  data  for  oxidation  of  Crofer  22  APU  in  pure  oxygen 
are  scarce  so  also  results  from  oxidation  experiments  carried  out  in 
air  will  be  included  for  an  indirect  comparison.  As  presented  by 
Palcut  et  al.  the  corrosion  rate  of  Crofer  22  APU  in  oxygen  at  850  °C 


Table  1 

Calculated  kp  and  C  values  for  oxidation  of  dual  layer  coated  samples. 


Temperature 

Single  line  fitting3 

Dual  line  fitting3 

kp  [xlO-14  g2  cm"4  s"1] 

C  [xlO-7  g2  cm"4] 

kpi  [xlO-14  g2  cm-4  s- 1  ] 

kp2  [xlO  14  g2  cm  4s  h 

900  °C 

12.70 

1.022 

25.0 

12.07 

850  °C 

3.59 

0.461 

8.78 

3.30 

800  °C 

2.33 

0.222 

5.03 

2.23 

a  Value  kp  corresponds  to  fitting  between  150  and  1000  h,  /<pl  to  0-150  h  and  kp2  to  250-1000  h. 
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is  10  times  higher  than  in  air  at  the  same  temperature  [12].  For  a 
similar  dual  layer  coating  on  Crofer  22  APU  tested  in  air  at  850  °C 
the  obtained  kp  value  was  7.39  x  10  14  g2  cm  4  s_1  about  two  times 
higher  than  the  one  obtained  in  this  study.  The  difference  might  be 
caused  by  a  different  moisture  content,  surface  preparation  and 
different  slurry  composition  (different  powders  used  for  the 
preparation  of  the  slurry).  In  another  study,  a  plasma  sprayed  LSM 
protective  coating  was  deposited  on  Crofer  22  APU  and  oxidized  in 
oxygen  at  850  °C.  The  coated  samples  had  a  kp  value  of 
19.0  x  10  14  g2  cm-4  s-1,  5—6  times  higher  than  found  here  for  the 
dual  layer  coatings. 

For  oxidation  in  air,  Crofer  22  APU  have  kp  values  of 
6.49  x  10~14  g2  cnrT4  s-1  and  1.00  x  10~12  g2  cm-4  s-1  at  800  °C  and 
900  °C  respectively  [28].  These  values  are  also  much  higher  than  for 
the  coated  samples  oxidized  in  oxygen  reported  here.  From  the 
above  comparison  it  is  evident  that  the  dual  layer  coating  is 
effective  in  reducing  corrosion  rates.  In  comparison  of  the  data  it 
must  however  be  taken  into  account  that  the  obtained  kp  values  can 
also  be  dependent  on  the  moisture  content  [29-31]. 

The  beneficial  effect  of  adding  a  second  layer  can  be  discussed 
by  comparing  to  the  results  obtained  by  Persson  et  al.  [15,16  .  In  this 
study  a  7  pm  and  15  pm  thick  C03O4  porous  coating  deposited  on 
Crofer  22  APU  resulted  in  a  decreased  corrosion  rate  in  air  (with  1% 
of  steam)  at  900  °C.  The  corrosion  rate  was  decreased  to  approxi¬ 
mately  half  (from  8.2  x  10-13  g2  cnrr4  s-1  to 
~4  x  10-13  g2  cm-4  s-1).  After  adding  a  second  layer  of  LSM  on  top 
of  the  cobalt  spinel,  further  decrease  of  the  corrosion  rate  was 
achieved  (to  a  value  of  5.4  x  10-14  g2  cm  4  s-1).  The  LSM  acts 
possibly  as  a  source  of  elements  for  improved  scale  adherence  (La) 
and  surely  as  an  Mn  source.  It  was  recently  shown  that  a  200  pm 
thick  Fe22Cr  alloy  oxidized  for  3000  h  at  850  °C  was  completely 
depleted  in  Mn,  so  adding  an  external  source  of  this  element  can 
possibly  bring  some  long  term  benefits  [32]. 

The  temperature  dependences  of  the  kp  parameters  from  the 
dual  line  fitting  are  plotted  in  Fig.  3.  Slopes  are  similar  between  the 
two  periods.  The  corresponding  activation  energies  can  be  calcu¬ 
lated  by  fitting  the  data  by  an  Arrhenius  type  equation: 

kp{T)  =  kp0exp  (-^7)  (2) 

where  /<P(T)  —  corrosion  rate  [g2  cnrr4  s-1],  /<po  —  corrosion  rate 
constant  [g2  cm  4  s-1],  EA  -  activation  energy  [eV],  /<B  -  Boltzmann 
constant  [eV  K  1  ] ,  T  -  temperature  [I<]. 

Activation  energies  obtained  for  0-250  h  and  250-1000  h  are 
1.73  eV  and  1.81  eV  respectively.  It  seems  that  reaction  rates  for  the 


initial  process  are  approximately  2  times  faster  than  for  the  later 
stage  but  the  activation  energy  remains  similar  which  might  imply 
that  the  rate-limiting  step  is  the  same  in  both  cases.  One  of  the 
expected  limiting  factors  for  formation  of  the  oxide  scale  is  the 
outward  diffusion  of  Cr  and  Mn  from  steel. 

For  the  uncoated  Crofer  22  APU  oxidized  in  dry  02  at  850  °C  an 
activation  energy  of  2.61  eV  was  reported  by  Palcut  et  al.  [12  .  In 
this  case  the  process  responsible  for  the  corrosion  rate  was 
described  as  the  limiting  outward  diffusion  in  the  Cr203  oxide  scale. 
In  the  case  of  dual  layer  coated  samples,  the  activation  energy  is 
considerably  smaller,  probably  due  to  much  more  complicated 
diffusion  fluxes  and  the  fact  that  the  composition  of  the  scale 
changes  over  time.  Douglass  et  al.  [33]  have  reported  an  activation 
energy  of  2.15  eV  for  the  formation  of  a  Co-Cr— Mn  spinel  on  a  Co- 
20Cr  alloy. 

3.3.  Microstructural  characterization 

After  collection  of  mass  gain  data,  the  samples  were  character¬ 
ized  by  XRD  to  analyze  the  phase  composition  of  the  coating  and 
the  oxide  scale.  X-ray  diffractograms  of  oxidized  dual  layer  coated 
Crofer  22  APU  are  presented  in  Fig.  4.  For  the  as-coated  sample 
without  any  heat  treatment  peaks  originating  from  LSM  (ICDD  File 
card  no.  49-595)  and  C03O4  (ICDD  File  card  no.  43-1003)  are 
detected.  Due  to  the  total  thickness  of  the  coating  being  >30  pm  no 
peaks  from  the  steel  substrate  are  visible  and  low  intensity  of  C03O4 
peaks  means  that  mainly  the  outer  LSM  based  layer  is  analyzed  by 
the  X-ray  beam.  Already  after  initial  3  h  heat  treatment  in  air  at 
850  °C  the  obtained  diffractogram  looks  different.  Peaks  from  the 
cobalt  spinel  are  not  visible  anymore.  Also  for  oxidized  samples 
(either  1000  or  5000  h)  no  cobalt  spinel  peaks  are  detected.  Small 
amount  of  C03O4  in  the  outer  layer  might  have  reacted  with  LSM  or 
products  diffusing  from  the  steel.  It  is  evidenced  by  formation  of  a 
spinel  type  product,  which  can  be  assigned  well  to  a  (Mn,Cr,Co)304 
cubic  spinel  (ICDD  File  card  no.  70-2465).  Mn  from  LSM  reacts  with 
Co  and  forms  a  spinel  phase  that  further  reacts  with  Cr  forming  a 
more  complex  spinel.  A  shift  of  the  LSM  peaks  towards  higher  26 
angles  is  observed,  which  corresponds  to  a  decrease  in  the  unit  cell 
size  of  the  LSM.  The  longer  the  oxidation  time  the  stronger  the  shift. 
One  possible  explanation  can  be  that  Co  from  the  spinel  that  was 
part  of  the  outer  layer  is  incorporated  into  the  LSM  structure.  The 
ionic  size  of  the  Co+3  is  smaller  (0.545  nm)  than  the  size  of  the 
Mn3+  (0.58  nm)  so  a  decrease  of  the  unit  cell  size  is  expected.  This  is 
confirmed  by  the  XRD,  where  the  C03O4  phase  is  not  longer 
detected  after  the  oxidation.  From  the  XRD  measurement  it  is  also 
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Fig.  4.  XRD  diffractograms  of  dual  layer  coated  alloys  oxidized  for  different  times  at 
850  °C. 
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observed  that  the  intensity  of  the  Mn,Cr,Co  spinel  phase  peaks 
becomes  higher  with  longer  oxidation  times. 

To  further  analyze  the  surface  of  the  dual  layer  coated  samples 
energy  dispersive  X-ray  spectrometry  was  performed  on  sample 
oxidized  for  1000  h  at  850  °C.  An  SEM  image  of  the  sample  surface 
and  chemical  composition  of  the  points  from  EDS  point  analysis  are 
presented  in  Fig.  5. 

In  Fig.  5  one  large  crystallite  is  visible.  Chemical  analysis  per¬ 
formed  at  two  points  (Point  1  and  Point  2)  reveals  that  the  most 
abundant  element  in  the  particle  is  chromium.  Additionally  it  is 
rich  in  cobalt,  manganese  and  has  smaller  amounts  of  lanthanum 
and  strontium.  Such  a  chromium  rich  particle  on  the  surface  of 
sample  oxidized  for  1000  h  in  oxygen  suggests  a  considerable 
diffusion  of  chromium  through  the  dual  layer  coating.  As  the  total 
coating  thickness  is  on  average  30  pm  the  Cr  diffusion  rate  is 
considerable.  The  rectangular  particle  (including  points  1  and  2)  is 
most  likely  a  spinel  phase.  In  Point  3  there  is  the  least  amount  of 
chromium  among  the  analyzed  points.  It  reaches  0.37  at.%.  This 
point  is  rich  in  La,  Mn  and  can  be  assigned  to  the  LSM  perovskite. 
Points  4,  5  and  6  are  also  based  on  La  and  Mn,  with  Cr  content 
between  4  and  6  at.%.  As  the  main  conclusion  from  this  analysis,  it 
must  be  stated  that  a  considerable  amount  of  Cr  is  found  on  the 
surface  of  a  dual  layer  coated  samples.  As  the  setup  used  for 
oxidation  was  based  on  an  alumina  tube  and  there  were  no  bare 
steel  elements  subjected  to  oxidation  inside  the  hot  zone,  the 
chromium  has  diffused  through  the  coating  either  by  a  solid  state 
diffusion  probably  on  the  surface  of  the  particles  in  the  coating  or 
via  a  vapor  deposition  process  [34].  In  the  dry  oxygen  atmosphere 
with  low  steam  content,  transport  of  chromium  through  a  gas 
phase  is  probably  insignificant  [35]. 

The  cross-sections  of  the  samples  were  also  characterized  using 
SEM&EDS.  Micrographs  of  polished  cross  sections  of  dual  layer 
coated  samples  oxidized  for  1000  h  at  800  °C,  850  °C  and  900  °C  are 
shown  in  Fig.  6.  Additionally  elemental  maps  of  Cr,  Co  and  Mn  are 
included.  Due  to  the  reactive  nature  of  the  dual  layer  coating, 
corrosion  products  are  not  clearly  distinguishable.  Next  to  the  steel  a 
Cr203  layer  is  visible  as  a  dark  layer.  Next  is  a  Mn,Co,Cr  spinel  that 
forms  by  reaction  of  the  C03O4  coating  with  Mn  and  Cr  diffused  from 
the  steel.  For  bare  Crofer  22  APU  on  top  of  the  chromia  scale  a  Mn,Cr 
spinel  is  normally  formed.  As  evidenced  by  the  surface  EDS  analysis, 
the  diffusion  of  Cr  occurs  through  entire  thickness  of  the  coating. 
Presence  of  Cr  in  the  coating  is  also  visible  on  the  Cr  elemental  maps. 
From  the  comparison  of  the  elemental  maps  in  the  outermost  layer  it 
can  be  seen  that  the  Cr  is  present  in  the  same  places  as  the  Co. 
Comparing  Mn  elemental  maps  after  oxidation  at  three  tempera¬ 
tures,  it  can  be  seen  that  in  the  case  of  the  lowest  oxidation  tem¬ 
perature  (800  °C),  the  Mn  is  present  more  at  both  interfaces  of  the 
C03O4  layer  than  in  the  middle  of  this  layer.  For  higher  temperatures 
(850  and  900  °C)  the  distribution  of  Mn  is  more  homogenous.  It 
evidences  the  fact  that  the  Mn  diffuses  both  from  the  steel  and  from 


the  coating  into  the  reaction  zone.  The  thickness  of  the  Cr203  layer 
after  1000  h  of  oxidation  at  800  °C  is  ~2  pm. 

Fig.  7  shows  a  cross  section  of  a  sample  oxidized  at  800  °C  for 
1000  h  together  with  EDS  point  analysis.  Point  1  is  rich  in  La,  Sr,  Mn 
and  Co  and  is  the  second  layer  of  the  coating.  Moreover  on  average 
2.2  at.%  chromium  is  detected  which  is  in  agreement  with  previ¬ 
ously  described  chromium  diffusion.  Point  2,  lying  at  the  interface 
between  LSM/C03O4  and  C03O4,  is  rich  in  Co  and  Mn.  Mn  probably 
comes  from  the  outer  LSM  rich  layer.  This  interface  is  forming  a  thin 
dense  layer.  Inside  the  porous  reaction  zone,  Point  3  is  rich  in  cobalt 
with  smaller  additions  of  Mn  and  Cr  at  a  level  of  approximately 
5  at.%.  Below  this  layer  a  dense  reaction  layer  exists  with  the 
composition  rich  in  cobalt  and  with  increased  amounts  of  Mn  and 
Cr  reaching  10%  (Point  2).  Within  the  composition  ranges  found  in 
Points  2,  3  and  4  Co-Mn-Cr  form  a  single  phase  cubic  spinel  15]. 
Next  to  the  steel,  Point  5  is  rich  in  chromium.  Also  some  amount  of 
Mn  and  negligible  Co  are  detected.  This  layer  is  primarily  a  chro¬ 
mium  oxide  phase.  It  is  interesting  to  note,  that  the  both  dense 
Co,Cr,Mn  layers,  located  on  the  both  sides  of  the  C03O4  coating, 
were  more  rich  in  Cr  and  Mn  than  in  the  case  of  the  porous  spinel 
found  in  the  middle. 

Relatively  high  concentration  of  chromium  found  throughout 
the  coating  means  that  the  porous  C03O4  layer  is  not  protective 
against  diffusion  of  Cr.  Among  the  materials  for  potential  use  for 
interconnect  coatings,  the  C03O4  spinel  in  a  dense  form  is  the  most 
effective  material  to  block  chromium  diffusion  [22].  Evaporation  of 
Cr  from  the  surface  of  the  steel  or  the  surface  of  the  coating  to  the 
active  cathode  can  lead  to  poisoning  of  the  cathode  reaction  in  the 
fuel  cell  (anode  in  the  electrolysis  cell)  [22,32].  Another  material, 
reported  to  be  effective  in  reducing  Cr  poisoning,  is  a  Mn,Co  spinel 
(e.g.  MnCo204  or  Mn1.5C01.5O4)  [7,36,37].  The  possible  influence  of 
Cr  poisoning  of  the  SOEC  oxygen  electrode  has  still  not  been  re¬ 
ported  in  detail  in  literature.  Due  to  different  polarization  of  the 
oxygen  electrode  in  the  SOEC  mode  and  a  very  low  moisture  con¬ 
tent  of  the  generated  oxygen,  Cr  poisoning  in  SOEC  stacks  should  be 
less  severe  than  in  SOFC  stacks.  In  the  case  of  deposited  porous 
cobalt  spinel,  Co  reacts  with  Cr  and  Mn  and  readily  forms  a  Cr  rich 
phase.  In  the  case  of  Mn,Cr  spinels,  it  was  shown  that  chromium 
ions  diffuse  through  high  diffusivity  paths,  e.g.  grain  boundaries 
[38].  The  porous  coating  will  be  susceptible  to  chromium  diffusion 
and  cannot  effectively  block  chromium  migration.  It  is  still  ex¬ 
pected  however  that  the  chromium  evaporation  is  strongly  reduced 
by  the  dual  layer  coating  as  the  chromium  activity  is  significantly 
lowered. 

Mixed  spinels  of  Mn— Co— Cr  are  reported  to  have  a  thermal 
expansion  coefficient  close  ( - 12  ppm  K_1)  to  that  of  the  materials 
used  in  SOEC  construction.  Also  electrical  conductivity  of  these 
spinels  is  usually  considerably  higher  than  that  of  chromia  (for  pure 
Mn,Co  spinels  up  to  60  S  cm”1  at  800  °C  whereas  for  chromia  it  is  in 
the  range  of  few  mS  cm-1)  [39]. 
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Fig.  5.  SEM  image  of  the  surface  after  1000  h  of  oxidation  at  850  °C  together  with  EDS  point  analysis  (at.%). 
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Fig.  6.  SEM  images  and  EDS  elemental  maps  (Cr,  Co  and  Mn)  of  samples  oxidized  at  different  temperatures  for  1000  h. 


3.4.  Extended  oxidation  time  at  850  °C 

Many  reported  corrosion  studies  of  SOFC/SOEC  interconnects 
are  performed  over  relatively  short  times  ~  1000  h,  from  which 
materials  behavior  is  then  extrapolated  on  the  base  of  the  parabolic 
rate  law.  This  method  is  assuming  that  no  changes  in  the  corrosion 
mechanism  will  occur  with  prolonged  oxidation  time.  However,  as 
the  chromium  level  in  the  alloy  can  fall  below  the  protective  limit 
( ~  16  wt.%),  a  drastic  change  in  the  corrosion  rate  can  be  observed 
[28].  A  limited  number  of  studies  exist,  where  corrosion  properties 
have  been  reported  for  periods  considerably  longer  than 
1000  h  [16,40,41]. 

The  long  term  (5000  h)  mass  gain  of  a  dual  layer  coated  Crofer 
22  APU  is  presented  in  Fig.  8a.  A  small  departure  from  parabolic 
type  behavior  is  seen.  The  mass  gain  in  “parabolic  units”  is  shown  in 


Fig.  8b.  Here  the  fitting  of  the  kp  value  is  performed  between  150 
and  5000  h.  The  calculated  kp  is  equal  to  2.76  x  10-14  g2  cnrr4  s-1 
and  constant  C  is  equal  C  =  0.86  x  10~7  g2  cm-4.  Comparing  with 
the  values  obtained  for  1000  h  oxidation,  the  value  from  the  5000  h 
study  is  lower  by  approximately  25%.  The  obtained  kp  value  can  be 
used  to  calculate  oxide  thickness  after  5  years  (~  44,000  h)  of  the 
operation  of  the  SOEC  stacks.  Main  concern  in  this  case  is  the  in¬ 
crease  of  the  electrical  resistivity  due  to  increase  in  thickness  of  the 
poorly  conductive  oxide  layer  (in  terms  of  the  Area  Specific  Resis¬ 
tance)  and  spalling-off  of  the  oxide  scale  due  to  a  mismatch  of  the 
thermal  expansion  coefficient  (TEC).  The  TEC  of  the  Crofer  22  APU 
alloy  is  12.4  ppm  K-1  whereas  TEC  of  the  G2O3  is  9.6  ppm  K-1  [42]. 
Usually  a  practical  limit  of  10  pm  thick  oxide  scale  is  used  as  an 
indicative  number  for  when  risk  of  spallation  becomes  significant 
and  resistivity  becomes  high.  Electrical  conductivity  of  the  chromia 


Fig.  7.  SEM  image  of  the  cross  section  after  1000  h  of  oxidation  at  800  °C  together  with  EDS  point  analysis  (at.%). 
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Fig.  8.  Mass  gain  in  linear  and  parabolic  units  of  dual  layer  coated  Crofer  22  APU  alloys  at  850  °C  oxidized  for  5000  h. 


scale  is  in  the  order  of  0.006-0.16  S  cm-1  [39,42-44].  Assuming 
formation  of  a  10  pm  thick  chromia  scale,  ASR  of  between  0.16  and 
0.006  Q  cm2  can  be  calculated.  Oxide  scale  thickness  after  5  years  of 
operation  calculated  from  the  given  kp  value  is  around  4  pm  in  case 
of  a  dual  layer  coating  in  pure  oxygen  at  850  °C.  The  limiting 
thickness  of  10  pm  will  be  reached  after  250,000  h  (28  years)  of 
operation.  From  this  rough  extrapolation  long  term  (exceeding  5 
years)  operation  with  the  dual  layer  coating  seems  feasible  even  in 
this  highly  oxidizing  atmosphere.  Using  kp  values  from  Table  1,  time 
to  reach  a  10  pm  thick  scale  at  900  °C  and  800  °C  can  be  estimated. 
In  these  cases,  the  thickness  of  10  pm  will  be  reached  after 
55,000  h  (-6  years)  and  300,000  years  (34  years)  respectively. 

These  lifetime  predictions  are  based  on  the  limiting  oxide  scale 
thickness  that  contribute  to  the  resistance  of  the  interconnect. 
Clearly,  the  dual-layer  coating  results  in  reduced  Cr  oxide  scale 
thickness,  which  is  poorly  conductive  and  therefore  the  electrical 
conductivity  of  coated  alloy  should  be  superior  in  comparison  to 
that  of  the  not  coated  one.  However  due  to  a  complicated  nature 
and  composition  of  formed  oxides  these  calculations  should  be 
taken  only  as  qualitative  indications.  Performing  dedicated  area 


specific  resistance  measurements  would  be  required  to  fully 
describe  the  properties  of  this  coating,  which  is  beyond  the  scope  of 
this  publication  and  will  be  presented  elsewhere. 

The  difference  between  the  kp  values  obtained  from  the  initial 
1000  h  and  a  5000  h  shows  that  the  corrosion  process  does  not 
follow  exactly  the  parabolic  rate  law  over  the  whole  studied  time.  In 
the  case  of  the  reactive  coating,  not  only  the  thickness  increase 
occurs  but  also  simultaneously  due  to  composition  changes  of  the 
reactive  layer  the  transport  properties  are  affected,  i.e.  the  effective 
Cr  diffusion  coefficient  changes  over  time.  Potentially  also  the  effect 
of  a  limited  Cr  reservoir  in  the  alloy  (in  this  case  the  alloy  was  only 
200  pm  thick)  can  over  long  time  cause  deviation  from  a  pure 
parabolic  rate  equation,  which  assumes  a  constant  and  an  infinite 
source  of  the  available  Cr.  Also,  due  to  a  reactive  nature  of  the 
porous  coating,  a  given  mass  gain  ascribable  to  Cr  or  Mn  oxidizing 
effectively  adds  more  thickness  (corrosion  reaction  extends 
further)  due  to  the  reaction  with  the  particles  in  the  porous  layer.  In 
general,  by  a  complex  reaction  of  the  diffusing  species  with  the 
reactive  coating  some  additional  protection  mechanism  is  added 
(the  apparent  /cp  decreases  over  time). 
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Fig.  9.  Cross  sections  of  dual  layer  coated  alloys  oxidized  for  3500  and  5000  h  at  850  °C  with  elemental  line  scans. 
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Fig.  10.  Schematic  of  diffusion  fluxes  and  formation  of  reaction  layers  in  a  dual  layer 
coated  sample. 

Polished  cross  section  images  of  coated  samples  after  3500  and 
5000  h  of  oxidation  are  shown  in  Fig.  9a  together  with  elemental 
line  scans  in  Fig.  9b.  As  previously  reported,  the  first  layer  is  a 
chromia  scale  on  top  of  which  a  reaction  layer  exists.  The  reaction 
zone  is  dense  just  next  to  the  chromia  scale.  On  top  of  the  coating  is 
still  a  porous  layer,  followed  again  by  a  denser  structure  on  the 
interface  between  LSM  and  the  Co  based  spinel.  Comparing  images 
taken  after  1000  h,  3500  h  and  5000  h  no  very  evident  differences 
in  thickness  of  the  chromia  scale  are  detected.  Interdiffusion  of  Co, 
Cr  and  Mn  is  evident  from  the  elemental  line  scans.  The  level  of  Mn 
throughout  the  reaction  zone  is  constant.  Mn  diffuses  from  the  steel 
and  from  the  LSM  coating  leading  to  an  equal  distribution  of  the  Mn 
throughout  the  reaction  layer. 

In  Fig.  10  a  schematic  of  the  possible  element  fluxes  is  included 
next  to  the  cross  section  of  the  sample  after  1000  h  of  oxidation  in 
oxygen  at  800  °C.  Chromium  diffuses  from  the  alloy  through  all 
layers,  forming  a  Cr203  layer  and  then  a  mixed  spinel  with  a  C03O4 
coating.  Mn  from  the  alloy  diffuse  trough  the  chromia  scale  (very 
low  solubility  of  Mn  in  Cr203)  to  the  cobalt  spinel  phase  and  reacts 
with  it.  An  additional  flux  of  Mn  comes  from  the  LSM  coating  above 
the  C03O4.  Mn  enriched  layers  are  formed  on  both  interfaces  of  the 
porous  C03O4  coating.  Due  to  the  porous  nature  of  coatings,  oxygen 
from  the  oxidizing  gas  is  expected  to  diffuse  via  the  gas  phase. 

4.  Conclusions 

In  the  present  study,  the  effect  of  a  dual  layer  coating  on  the 
corrosion  resistance  of  a  Crofer  22  APU  alloy  has  been  evaluated. 
The  developed  dual  layer  coating  is  effective  in  lowering  corrosion 
rates.  The  corrosion  rate  constant  at  850  °C  is  lowered  from 
189  x  10-14  g2  cm-4  s-1  [12]  for  the  uncoated  alloy  to  around 
3.6  x  10  14  g2  cm-4  s-1  for  the  dual  layer  coated  Crofer  22  APU. 
Without  the  coating  it  would  not  be  possible  to  use  this  alloy  for 
more  than  approximately  1000  h  (assuming  end  of  life  at  10  pm 
scale  thickness).  The  coating  extends  the  lifetime  of  the  alloy 
considerably.  From  the  temperature  dependence  of  the  corrosion 
rates  an  activation  energy  of  the  oxidation  process  was  calculated 
to  be  approximately  1.8  eV.  This  is  lower  than  reported  for  non 
coated  Crofer  22  APU.  This  is  due  to  a  complex  interaction  between 
the  coating  and  the  diffusing  elements  (Cr  and  Mn  ions).  Next  to  the 
steel,  the  oxide  scale  consists  of  first  a  chromia  layer,  a  dense  re¬ 
action  layer,  a  porous  reaction  layer,  and  again  a  denser  thin  layer 
which  is  formed  by  interdiffusion  of  Mn  from  the  LSM  coating  into 
the  cobalt  spinel  coating.  All  these  reaction  layers  are  composed  of 
Co-Cr-Mn,  where  the  dense  interlayers  are  richer  in  Mn  and  Cr 
than  the  porous  layer.  Relatively  large  amount  of  Cr  is  found 
throughout  the  coating  and  on  the  surface  (up  to  16  at.%).  On 
average  few  percent  of  chromium  is  found  close  to  the  surface  of 
the  30  pm  thick  coating  after  1000  h  oxidation,  indicating  signifi¬ 
cant  outward  Cr  diffusion.  In  general  it  is  concluded  that  Crofer  22 
APU  coated  with  the  dual  layer  coating  is  a  promising  interconnect 


material  for  Solid  Oxide  Electrolysis  Stacks  for  operation  even  at 
elevated  temperatures  and  in  oxidizing  atmospheres. 
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